Synthesis of the 2,2'-dipyridylamine derivatives di-2-pyridylaminomethylbenzene 1, 1,2-bis(di-2-pyridylaminomethyl)benzene 2, 1,3-bis(di-2-pyridylaminomethyl)benzene 3, 2, 6-bis(di-2-pyridylaminomethyl)pyridine 4, 1,4-bis(di-2-pyridylaminomethyl)benzene 5, and 1,3,5-tris(di-2-pyridylaminomethyl)benzene 6 are reported together with the single crystal X-ray structures of 2, 3, and 5. Reaction of individual salts of the type AgX Under the conditions employed 1 and 5 yielded negligible transport of any of the metals present in the source phase while sole transport selectivity for Ag(I) was observed for 2-4 and 6.
Introduction
have been described previously and this, in part, provided one motivation for the present study.
We now report a comparative solid state and solution investigation of the interaction of the linked 2,2´-dipyridylamine ligand systems 1-6 with Ag(I). Silver hexafluorophosphate (23.9 mg, 0.095 mmol) in methanol (5 mL) was added to 2 (20.3 mg, 0.046 mmol) in dichloromethane/methanol (1:1; 8 mL). The colourless crystals which formed were collected, washed with dichloromethane and methanol. These crystals were suitable for X-ray crystallography. The remaining crystals were dried under vacuum before microanalysis. Yield 27.5 mg (68%); mp 239-240 ºC (dec.). Found: C, 41.76; H, 3.09; N,10.27. Calc. for C 28 H 24 AgF 6 N 6 P·CH 2 Cl 2 : C, 41.55; H, 3.25; N, 9.69 %.
[Ag(3)(NO 3 )]
Silver nitrate (15.8 mg, 0.093 mmol) in methanol (5 mL) was added to 3 (19.9 mg, 0.045 mmol) in dichloromethane/methanol (1:1; 8 mL). The colourless crystals which formed on slow evaporation of the above solution were collected, and washed with dichloromethane and methanol. A crystal from this crop was used for the X-ray crystallographic study. The remaining crystals were dried under vacuum before microanalysis. Yield, 22.6 mg (82%); mp 232-235 ºC (dec. 
{[Ag(3)(CH 3 OH)](PF 6 )·H 2 O} n
Silver hexafluorophosphate (24.4 mg, 0.097 mmol) in methanol (5 mL) was added to a dichloromethane/methanol solution (1 : 1; 8 mL) of 3 (20.7 mg, 0.047 mmol). On standing, colourless crystals grew in the reaction mixture. These were collected and washed with dichloromethane and methanol. A crystal from this crop was used for the Xray crystallography. The remaining crystals were dried in a vacuum before microanalysis.
Yield, 11.0 mg (31%); mp 179-181 ºC (dec. 
Liquid-liquid extraction experiments
Liquid-liquid extraction experiments were performed at 23 ± 1 °C in microcentrifuge tubes (2 cm³) with a phase ratio V (org) : V (aq) of 1 : 1 (500 µL each) with the silver in each phase measured radiometrically by γ-emission of 110m
Ag by means of a NaI (TI) scintillation counter (Cobra/Canberra-Packard). The aqueous phase contained Ag(I)
perchlorate (1 × 10 -4 M), a supporting anion (either sodium nitrate (5 × 10 -3 M), sodium perchlorate (5 × 10 -3 M) or picric acid (5 × 10 -3 M)) and a selected buffer. The zwitterionic buffer system, MES/NaOH, was used to maintain a pH of 6.2 in the organic phase; as a precaution, the pH of the aqueous phase was measured before and after each experiment using a InLab423 pH electrode. The organic phase contained a known concentration of ligand in chloroform (normally 1 × 10 -3 M except where variable concentration experiments were employed). All experiments involved the mechanical shaking of the two-phase system for 30 min by which time equilibrium was reached. At the end of this time, the phases were separated, centrifuged and then duplicate 100 µL samples of the aqueous and organic phases were removed for analysis.
Membrane transport
The transport experiments employing 1-6 as ionophores were carried out using a 'concentric cell' in which the aqueous source phase (10 mL) and receiving phase (30 mL)
were separated by a chloroform phase (50 mL). Details of the cell design have been published previously. 20 For each experiment both the aqueous phases and the organic phase were stirred separately at 10 rpm; the cell was enclosed by a water jacket and thermostatted at 25 °C. The aqueous source phase was buffered (CH 3 CO 2 H-CH 3 CO 2 Na) at pH 4.9 (±0.1) (6.95 mL of 2 M sodium acetate solution and 3.05 mL of 2 M acetic acid made up to 100 mL) and contained an equimolar solution of the nitrate salts of Co(II), 
X-ray structure determinations
Crystals employed for the X-ray determinations were obtained directly from the respective reaction solutions and were used without further drying. 
Results and Discussion
The 2,2´-dipyridylamine ligands 1-3 and 5-6 were prepared by the reaction of 2,2´ dipyridylamine with the appropriate alkyl halide derivative in the presence of base; while the synthesis of 4 has been reported elsewhere by our group. 18 In order to investigate the silver ion chemistry of 1-6 and make structural comparisons between these derivatives and their resulting silver complexes, an attempt was made to obtain crystalline products suitable for X-ray diffraction of both the ligands and their corresponding complexes. 
X-ray structures of ligands 2, 3 and 5
Suitable crystals for X-ray structure analysis of the isomeric bis(di-2-pyridylaminomethyl)benzenes 2, 3 and 5 were obtained. The structure of 2 is presented in and this also appears to be the case in the present solid state arrangements of 2, 3 and 5.
Taken together with the tendency towards sp 2 hybridisation of the aliphatic nitrogens, such interactions will act to restrict the flexibility in these ligand systems. Any such decreased flexibility serves to add a degree of preorganisation to the respective structures which is also evident in the structures of the corresponding Ag(I) complexes in particular instances (see below).
X-Ray structures of Ag(I) complexes
Each Ag(I) ion in [Ag 2 (2) 2 (NO 3 ) 2 ] (Fig. 4) , has a four-coordinate, pseudo-tetrahedral geometry with a coordination sphere consisting of two pyridine N-donors from different ligands and a chelating nitrate anion. Thus only one of the pyridyl groups from each dpa unit is bound to a Ag(I) ion, while the second remains uncoordinated. This results in the formation of a discrete [2+2] metallacyclic structure. Other examples of dpa moieties failing to chelate to Ag(I) have also been documented. 4, 5, 33 Two weak silver-arene π-interactions involving the non-coordinated pyridine rings are present in the structure, these presumably aid stabilisation of the complex and contribute to the overall rigidity of the system.
As observed for free 2, the tertiary nitrogen groups of each dpa moiety are again distorted from ideal tetrahedral geometry towards trigonal planar and are similar to those observed in the crystal structure of free ligand 2. There are also short contacts between phenylene hydrogen atoms and both tertiary amines, again stiffening the structure. An investigation of the effect of variation of the anion on the resulting structure adopted in the solid state was carried out. . (Fig.7) . Once again the arrangement of the ligands in this complex shows similarities to that adopted by the free ligand. Overall, the X-ray investigations show that all four of the complexes of 2 form 2 :
2 metallacyclic structures in which each dpa moiety bridges two silver ions irrespective of the anion present. Minor differences in the ring structure arise due to the coordination of NO 3 -or ClO 4 -anions to the silver centres while in the case of the BF 4 -and PF 6 -derivatives, (as expected) these anions do not coordinate, while essentially the same metallacyclic structural motif is maintained. 26 The reaction of 3 with AgX salts (X = NO 1 ratio in methanol/dichloromethane. As shown in Fig. 8 , the resulting 1 : 1 complex has the Ag(I) in a distorted tetrahedral coordination environment composed of two pyridine N atoms from different dpa units and a chelating NO 3 -ion. As occurs for the other silver complex structures discussed so far, one 2-pyridyl ring from each dpa moiety does not participate in coordination; however, weak silver-π interactions with the non-coordinated pyridine rings and a silver-arene C-H interaction of 2.7 Å (involving H(2) of the central benzene core) help to stabilise the structure. Once again, short central phenylene hydrogen to tertiary nitrogen distances are present in this structure. pyridyl from each pair of pyridyl rings is coordinated to silver (Fig. 12) . A bidentate 30 nitrate anion is also bound such that the Ag(I) ion adopts a distorted tetrahedral geometry.
No donors from the third dpa moiety are coordinated. As with the above structures, the central nitrogen of each dpa moiety exhibits a trigonal planar arrangement and lies close to the plane of the central aryl ring; the phenylene hydrogen to nitrogen interactions discussed previously are also present in this structure. The presence of the free dpa moiety suggests that this complex may be useful for the formation of extended heteronuclear structures on reaction with other metal ions.
Fig. 12
The molecular structure of [Ag(6)(NO 3 )]. Table 1 Crystal Data for the ligands 2, 3, and 5 and some of their complexes with Ag(I). (2) 150 (2) 168 (2) 168 (2) 168 (2) 198 (2) 168 (2) 168 (2) λ(MoKα) 
Liquid-liquid extraction studies
The extraction behaviour of the di-2-pyridylaminomethylbenzene derivatives 1-6 towards Ag(I) was studied using the radiotracer technique. 35 A summary of the extraction results for each of 1-6 under comparable experimental conditions in the presence of different counterions in the aqueous phase is given in Fig. 13 .
As expected there are pronounced differences in the extraction properties between 1 -6. We consider first the results obtained in the presence of perchlorate. In the case of the monosubstituted dpa derivative 1, no Ag(I) extraction was detected while the (orthoand meta-linked) bis-dpa derivatives 2 and 3 gave extraction values of 22 % and 14 % respectively and the corresponding 2,6-lutidinyl bridged, bis-dpa system 4 yielded a value of 44 %. Increasing the number of dpa residues to three in 6 leads to a further enhancement of extraction efficiency, with the value now being 54%. Interestingly, the para-disubstituted isomer of 2 and 3, namely 5, shows only trace extraction of Ag(I) into the organic phase. Ligand 4, incorporating an additional pyridine donor function, extracted silver (44%) more efficiently when compared to its analogue ligand 3 (14%).
More lipophilic systems may aid the extraction process by inhibiting the bleeding of the amine ligand or its metal complex from the organic to the aqueous phase as well as enhancing extraction through favorable solvation effects. As is clearly evident from Fig. 14, the use of picrate improves the extraction efficiency over perchlorate which in turn yields significantly better extraction than nitrate. This is undoubtedly a reflection of the different lipophilicities of these anions and thus follows the expected anion influence on metal extraction predicted by the well-known Hofmeister series. The results show linear relationships between the logarithms of the distribution ratio (D Ag ) and the ligand concentration (pH 6.2, ligand excess) (Fig. 14) . Slopes of ca. showing J values <15 × 10 -7 mol/24 h as being within experimental error of zero), sole selectivity for Ag(I) was observed for each of the ionophores 2, 3, 4 and 6, with no transport of any ion occurring for 1 and 5 (Fig. 15) . 
Concluding Remarks
The 
